LUBAC (linear ubiquitin chain assembly complex) activates the canonical NF-jB pathway through linear polyubiquitination of NEMO (NF-jB essential modulator, also known as IKKc) and RIP1. However, the regulatory mechanism of LUBAC-mediated NF-jB activation remains elusive. Here, we show that A20 suppresses LUBAC-mediated NF-jB activation by binding linear polyubiquitin via the C-terminal seventh zinc finger (ZF7), whereas CYLD suppresses it through deubiquitinase (DUB) activity. We determined the crystal structures of A20 ZF7 in complex with linear diubiquitin at 1.70-1.98 Å resolutions. The crystal structures revealed that A20 ZF7 simultaneously recognizes the Met1-linked proximal and distal ubiquitins, and that genetic mutations associated with B cell lymphomas map to the ubiquitin-binding sites. Our functional analysis indicated that the binding of A20 ZF7 to linear polyubiquitin contributes to the recruitment of A20 into a TNF receptor (TNFR) signalling complex containing LUBAC and IjB kinase (IKK), which results in NF-jB suppression. These findings provide new insight into the regulation of immune and inflammatory responses.
Introduction
Nuclear factor-kB (NF-kB) is a pivotal transcription factor involved in many cellular processes, including innate and adaptive immune responses, inflammation, cell adhesion and cell survival (Vallabhapurapu and Karin, 2009; Hayden and Ghosh, 2012) . NF-kB is activated by a vast array of stimuli, including viral and bacterial pathogens, proinflammatory cytokines, genotoxic agents, ultraviolet radiation and oxidative stress (Vallabhapurapu and Karin, 2009; Hayden and Ghosh, 2012) . Thus, aberrant NF-kB signalling is implicated in multiple disorders, such as cancer and autoimmune, chronic inflammatory and metabolic diseases (Pasparakis, 2009; Ben-Neriah and Karin, 2011; Perkins, 2012) . Typically, NF-kB activation is mediated by both canonical and non-canonical pathways, which have distinct biological roles. In the canonical NF-kB pathway, proinflammatory cytokines and pathogen-associated molecular patterns trigger the rapid activation of the canonical IKK complex, composed of two kinase subunits, IKKa and IKKb, and a regulatory subunit, NEMO, resulting in the nuclear translocation of an NF-kB heterodimer, predominantly composed of p65 and p50 (Vallabhapurapu and Karin, 2009; Hayden and Ghosh, 2012) .
The activation of the canonical NF-kB pathway is controlled by various types of polyubiquitin chains, such as Lys (K)11-, K48-, and K63-linked chains, and Met(M)1-linked linear chains (Iwai, 2012) . We previously reported that the LUBAC ubiquitin ligase, composed of SHARPIN, HOIL-1L (also known as RBCK1) and HOIP (also known as RNF31), generates a novel type of M1-linked linear polyubiquitin, in which the C-terminal Gly76 of a distal ubiquitin moiety is conjugated to the a-amino group of the N-terminal Met1 of a proximal ubiquitin moiety (Kirisako et al, 2006; Tokunaga and Iwai, 2012) . Upon proinflammatory cytokine stimulation, LUBAC linearly ubiquitinates NEMO and RIP1, and induces canonical NF-kB activation (Tokunaga et al, 2009; Gerlach et al, 2011; Ikeda et al, 2011; Tokunaga et al, 2011) . Recent studies showed that LUBAC regulates the interferon production pathway (Inn et al, 2011) , the genotoxic stress response (Niu et al, 2011) , tumour metastasis (Tomonaga et al, 2012) , osteogenesis (Xia et al, 2011) and innate immunity (Damgaard et al, 2012) , highlighting the physiological significance of LUBAC-catalysed linear ubiquitination in a wide variety of NF-kB-related cellular responses.
NF-kB signalling is generally attenuated by deubiquitinating enzymes (DUBs), such as A20 (also known as TNFAIP3), Cezanne and CYLD Harhaj and Dixit, 2011) . A20 and Cezanne belong to the ovarian tumour (OTU) DUB family. A20 is composed of an OTU domain and seven Cys 2 /Cys 2 zinc fingers ( Figure 1A ), while Cezanne is composed of an OTU domain and a single Cys 2 /Cys 2 zinc finger. CYLD, a cylindromatosis tumour suppressor gene product, belongs to the ubiquitin-specific protease (USP) DUB family (Brummelkamp et al, 2003) . However, it remains elusive how DUBs physiologically downregulate LUBAC-mediated NF-kB activation.
Here, we report that A20 and CYLD suppress LUBACmediated NF-kB activation through distinct molecular mechanisms. We showed that the DUB activity of CYLD, but not that of A20, is important for NF-kB suppression, whereas the binding of A20 to linear polyubiquitin via the C-terminal ZF7 is essential for the suppression of LUBACmediated NF-kB activation. We determined the crystal structures of A20 ZF7 in complex with linear diubiquitin and tetraubiquitin, which revealed the molecular basis for linear polyubiquitin recognition by A20 ZF7. We found that the mutations associated with B cell lymphomas map to the ubiquitin-binding sites in A20 ZF7, and that the binding of A20 ZF7 to linear polyubiquitin plays a crucial role in the recruitment of A20 to a TNFR signalling complex, resulting in the NF-kB suppression. Our present findings highlight the physiological significance of linear polyubiquitination in NF-kB signalling.
Results

A20 and CYLD suppress LUBAC-induced NF-jB activation
To address the regulatory mechanism of LUBAC-mediated NF-kB activation, we first focused on A20, CYLD and Cezanne, the well-characterized DUBs in the NF-kB pathway . We overexpressed these DUBs in HEK293T cells and examined their inhibitory effects on LUBAC-induced NF-kB activation, using luciferase reporter assays. Transient co-expression of LUBAC components (SHARPIN, HOIL-1L and HOIP) induced B40-fold enhancement of NF-kB activity ( Figure 1B ). Transient coexpression of A20 and CYLD, but not that of Cezanne, together with the LUBAC components, resulted in strong suppression of LUBAC-induced NF-kB activation ( Figure 1B ). CYLD efficiently hydrolysed linear and K63-linked polyubiquitin chains, as described Supplementary Figure S1A and B) , and the catalytically inactive CYLD C601A mutant showed no inhibitory effect on LUBAC-induced NF-kB activation (Supplementary Figure  S2) . These results revealed that the CYLD DUB activity is indispensable for the suppression of LUBAC-mediated NF-kB activation.
Previous studies indicated that A20 attenuates NF-kB signalling by removing K63-linked ubiquitin chains from RIP1 through the DUB activity of the OTU domain, followed by conjugating K48-linked ubiquitin chains to RIP1 through the E3 ubiquitin ligase activity of the ZF4 domain, resulting in the proteasome degradation of RIP1 (Wertz et al, 2004) . However, the co-expression of the catalytically inactive A20 C103A mutant still resulted in the suppression of LUBACinduced NF-kB activation, and the co-expression of the A20 OTU domain alone had almost no inhibitory effect ( Figure 1C ), indicating that the A20 DUB activity is dispensable for the suppression of LUBAC-induced NF-kB activation. A20 and Cezanne hydrolyse K48-and K11-linked ubiquitin chains, respectively, but not linear ubiquitin chains Bremm et al, 2010) . Consistent with these previous reports, our biochemical analysis showed that A20 hydrolyses K48-and K63-linked chains (Supplementary Figure S1B) , but neither unanchored linear polyubiquitin nor NEMO-conjugated linear polyubiquitin (Supplementary Figure S1C) . A20 ZF7 participates in the suppression of LUBAC-mediated NF-jB activation A20 is a multidomain protein composed of an OTU domain and seven zinc fingers ( Figure 1A) . To identify the region required for the suppression of LUBAC-mediated NF-kB activation, we overexpressed deletion and point mutants of A20 in HEK293T cells, and examined their inhibitory effects on LUBAC-induced NF-kB activation. The A20 mutants containing ZF7 (ZF1-7, ZF4-7 and ZF6-7) suppressed LUBAC-induced NF-kB activation as effectively as wild-type (WT) A20 (Figure 1C and D) , whereas the A20 mutants lacking ZF7 (DZF7, ZF1-6, ZF1-3 and ZF4-5) and the C779A/C782A mutant (ZF7CA) failed to suppress it ( Figure 1D and E), suggesting the involvement of A20 ZF7 in NF-kB suppression. To determine the physiological significance of A20, we examined the inhibitory effects of A20 WT and mutants in TNFa-stimulated HEK293T cells. As in LUBAC-overexpressing HEK293T cells, the A20 mutants containing ZF7, but not the A20 mutants lacking ZF7, showed inhibitory effects on TNF-a-induced NF-kB activation ( Figure 1F ). To exclude the potential effects of endogenous A20, we examined the inhibitory effects of A20 WT and mutants in A20-ablated mouse embryonic fibroblasts (MEFs). We found that A20 ZF7 is indispensable for NF-kB suppression in LUBAC-overexpressing A20 À / À MEFs ( Figure 1G ) and TNF-a-stimulated A20 À / À MEFs ( Figure 1H ).
To further explore the physiological significance of A20 ZF7, we examined the inhibitory effects of A20 WT and mutants in LUBAC-deficient cells, such as SHARPIN-ablated MEFs (cpdm MEFs) and HOIL-1L À / À MEFs. In control MEFs, A20 WT and ZF1-7, but not the A20 mutants lacking ZF7 (DZF7 and ZF1-6), suppressed TNF-a-induced NF-kB activation ( Figure 1I and J). In contrast, the inhibitory effects of A20 WTand ZF1-7 were attenuated in both cpdm and HOIL-1L
MEFs, suggesting that A20 ZF7 plays an inhibitory role downstream of LUBAC in the TNF-a-induced NF-kB activation pathway. TRAF6 is an E3 ligase that predominantly generates K63-linked polyubiquitin chains and participates in IL-1b-induced NF-kB activation (Wang et al, 2001) . To determine whether A20 ZF7 specifically participates in the suppression of the LUBAC-mediated NF-kB pathway, we examined the inhibitory effects of A20 WT and mutants in TRAF6-overexpressing HEK293T cells. A20 WT, C103A and ZF1-7, but not A20 OTU, suppressed TRAF6-induced NF-kB activation ( Figure 1K ), as in LUBAC-induced NF-kB activation ( Figure 1C and D) . However, unlike the LUBAC-induced NFkB activation, A20 DZF7 also suppressed TRAF6-induced NFkB activation, suggesting that A20 ZF7 is dispensable for the suppression of TRAF6-mediated NF-kB activation. Taken together, these results suggested that A20 ZF7 is critical for the suppression of the LUBAC-mediated, but not the TRAF6-mediated, NF-kB activation pathway. A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al A20 ZF7 specifically binds linear diubiquitin To determine the mechanism by which A20 ZF7 suppresses the LUBAC-mediated NF-kB activation, we examined whether A20 ZF7 inhibits the E3 activity of LUBAC. Neither A20 ZF7 nor A20 ZF4 inhibited the LUBAC-catalysed generation of either free linear polyubiquitin or NEMO-conjugated linear polyubiquitin (Supplementary Figure S3) . Among the seven zinc fingers of A20, A20 ZF7 shares 36% sequence identity with A20 ZF4, which binds monoubiquitin and K63-linked polyubiquitin (Bosanac et al, 2010) . We thus re-examined the ability of the A20 ZFs to bind linear and K63-linked tetraubiquitin by glutathione S-transferase (GST) pulldown assays. GST-ZF1-7 bound both the linear and K63-linked chains, whereas GST-ZF1-6 and GST-ZF4 bound only the K63-linked chains, but not the linear chains (Figure 2A) . Consistently, GST-ZF7 specifically bound M1-linked linear chains ( Figure 2A ). We next examined the ability of A20 ZF7 to bind diubiquitins with different linkages, and found that GST-ZF7 specifically binds M1-linked linear diubiquitin ( Figure 2B ). Furthermore, we examined the binding of A20 ZF7 to diubiquitin by isothermal titration calorimetry (ITC), and found that A20 ZF7 binds linear diubiquitin with a K d value of 9 mM, but not monoubiquitin, K48-linked diubiquitin and K63-linked diubiquitin ( Figure 2C ). Altogether, these results indicated that A20 ZF7 specifically recognizes linear diubiquitin, but not Lys-linked diubiquitins.
Crystal structure of A20 ZF7 in complex with linear diubiquitin To elucidate the mechanism of linear diubiquitin recognition by A20 ZF7, we crystallized A20 ZF7 in the presence of linear diubiquitin or linear tetraubiquitin, and determined two crystal structures of A20 ZF7 in complex with linear diubiquitin (Form I, 1.95 Å resolution; and Form II, 1.70 Å resolution) and one in complex with linear tetraubiquitin (Form II, 1.98 Å resolution) (Supplementary Figure S4 ; Table I ). A20 ZF7 interacts with three and four adjacent ubiquitin molecules in Forms I and II, respectively, and it interacts with Met1-linked, adjacent ubiquitin molecules in a similar manner in both Forms I and II (Supplementary Figure S4) , indicating the physiological significance of this A20 ZF7-linear diubiquitin complex. The A20 ZF7-linear diubiquitin complexes in Forms I and II have a virtually identical conformation (r.m.s. deviations are o1.04 Å for aligned Ca atoms), while the linkage between the ubiquitin moieties is the most clearly defined in the electron density map of the tetraubiquitin complex ( Figure 3A , inset). Thus, we will hereafter describe the A20 ZF7-linear diubiquitin complex structure in the tetraubiquitin complex. A20 ZF7 consists of a loop region (residues 758-779) and an a-helix (residues 780-789), with a bound zinc ion stabilizing the overall architecture ( Figure 3A ). The zinc ion is coordinated by Cys762, Cys767, Cys779 and Cys782 ( Figure 3B ). A potassium ion derived from the crystallization buffer is coordinated by the main-chain carbonyl groups of Cys762, Ala764 and Cys767 in the loop region, and helps maintain the loop conformation ( Figure 3B ), although the physiological relevance of the bound potassium ion is currently unknown. A20 ZF7 simultaneously interacts with both the proximal and distal ubiquitin moieties. A20 ZF7 mainly recognizes an a-helix region of the proximal ubiquitin through a hydrogen A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al bonding network ( Figure 3C ). Asp32 on the a-helix in the proximal ubiquitin is recognized by Phe770, Asn772, Asn780 and Glu781 of ZF7, through direct and watermediated hydrogen bonds. Asn772 of ZF7 forms a watermediated hydrogen bond with Asp32 of the proximal ubiquitin, and a hydrogen bond with Asn780 of ZF7, which in turn hydrogen bonds with Gln31 and Asp32 of the proximal ubiquitin. In addition, His769 and Phe770 of ZF7 form a surface complementary to the C-terminal edge of the a-helix of the proximal ubiquitin. In contrast, A20 ZF7 mainly recognizes a hydrophobic patch of the distal ubiquitin by shape complementarity ( Figure 3D ). Ala764, Pro765 and Ala766 on the zinc-coordinating loop interact with the hydrophobic patch formed by Leu8, Ile44, His68 and Val70 of the distal ubiquitin. Tyr778, Cys782, Phe785, Lys786 and Tyr789 of ZF7 form a hydrophobic surface that interacts with Leu8, Ile36, Gln40, Leu71 and Leu73 of the distal ubiquitin. Cys767 forms a salt bridge with Arg72 of the distal ubiquitin. In addition, Glu781 forms hydrogen bonds with His769 in ZF7 and the main-chain amide group of Leu73 in the distal ubiquitin ( Figure 3C ). Taken together, our crystallographic analysis showed that A20 ZF7 specifically recognizes linear diubiquitin through simultaneous interactions with the proximal and distal ubiquitin moieties. In the present structure, the Met1 main-chain nitrogen atom and the Lys63 sidechain Ne atom of the proximal ubiquitin are 8.5 Å apart ( Figure 3A ). These observations indicated that, unlike the linear chains, the K63-linked chains cannot adopt a configuration that allows A20 ZF7 to simultaneously interact with the proximal and distal ubiquitin moieties, explaining why A20 ZF7 specifically binds linear diubiquitin, but not the structurally similar K63-linked diubiquitin.
Mutational analysis of the linear diubiquitin-binding sites of A20 ZF7
To confirm the functional significance of the interactions between A20 ZF7 and linear diubiquitin observed in the crystal structure, we examined the ability of A20 ZF7 mutants to bind linear diubiquitin, using GST pulldown assays. The H769A/F770A, N772A, N780A and F785A/Y789A mutants of GST-A20 ZF7 showed markedly decreased ubiquitin binding ( Figure 3E ). The A764K, F785A and Y789A mutants of GST-A20 ZF7 exhibited moderate decreases in ubiquitin binding, and the A766K and E781A mutants of GST-A20 ZF7 showed A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al slightly reduced ubiquitin binding activities ( Figure 3E ). These results indicated that the integrity of both binding sites for the proximal and distal ubiquitin moieties is required for linear diubiquitin recognition by A20 ZF7. To exclude the possibility that these mutants were unfolded and thus exhibited defects in ubiquitin binding, we analysed these A20 Cys782 A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al ZF7 mutants by size-exclusion chromatography. Like A20 WT, all of the mutants eluted as a single peak from the size-exclusion column (Supplementary Figure S5) , suggesting that the mutants are correctly folded. To further confirm the functional significance of the interactions between A20 ZF7 and linear ubiquitin chains for NF-kB suppression, we overexpressed full-length A20 proteins bearing mutations within ZF7 in HEK293T cells, and examined their inhibitory effects on LUBAC-induced NF-kB activation. Notably, the full-length A20 proteins bearing the H769A/ F770A, N772A, N780A and F785A/Y789A mutations, which abolished the linear diubiquitin binding activity, displayed considerable defects in the suppression of LUBAC-induced NF-kB activation ( Figure 3F ). Other A20 mutants also exhibited defects in NF-kB suppression, depending on their ability to bind linear diubiquitin ( Figure 3F ). These results indicated that the binding of A20 ZF7 to linear ubiquitin chains is critical for the suppression of LUBAC-mediated NF-kB activation.
In addition to the zinc-coordinating cysteine residues, the ubiquitin-binding residues of A20 ZF7 are conserved among the A20 ZF7 proteins from different organisms, including Ascidiacea (Saccoglossus kowalevskii), a primitive species that possesses the TNF-a signalling pathway ( Figure 3G ), highlighting the functional significance of these ubiquitin binding residues. In contrast, these residues are not conserved in A20 ZF1-ZF6 ( Figure 3H ), which may reflect functional differences between the A20 ZFs.
Mutations in the linear ubiquitin-binding site of A20 ZF7 are associated with B cell lymphomas Genetic mutations of A20 result in Hodgkin's and nonHodgkin's B cell lymphomas (Compagno et al, 2009; Kato et al, 2009; Schmitz et al, 2009; Hymowitz and Wertz, 2010) , and polymorphisms of A20 are associated with multiple autoimmune and inflammatory diseases, including Sjögren syndrome, rheumatoid arthritis, systemic lupus erythematosus, psoriasis and type I diabetes (Vereecke et al, 2009 ). In addition, the A20 mutant lacking ZF7 failed to suppress NF-kB activation , and missense mutations in A20 ZF7, such as N772K and E781D, cause primary mediastinal B cell lymphoma (Schmitz et al, 2009) .
To address the mechanism by which A20 mutations cause B cell lymphomas, we overexpressed full-length A20 proteins bearing N772K, E781D and N772K/E781D in HEK293T cells and A20
À / À MEFs, and examined their inhibitory effects on LUBAC-induced NF-kB activation. The N772K, E781D and N772K/E781D mutants all showed impaired inhibitory effects on LUBAC-induced NF-kB activation in HEK293T cells ( Figure 4A ) and A20 À / À MEFs ( Figure 4B ), suggesting that these mutations compromise the suppression of NF-kB activation, which results in pathological conditions. The present structure revealed that Asn772 and Glu781 participate in linear diubiquitin recognition ( Figure 3C ). We next examined the effects of these mutations on the ubiquitin-binding ability of A20 ZF7, using GST pulldown assays. GST-ZF7 N772K and GST-ZF7 E781D failed to bind linear di-and tetra-ubiquitins ( Figure 4C and D) . GST-ZF7 N772K/E781D also failed to bind linear tetraubiquitin ( Figure 4D ). A long exposure revealed the faint binding of linear tetraubiquitin with GST-ZF7 E781D, but not GST-ZF7 N772K, suggesting that the N772K mutation has a more serious impact on the linear-ubiquitin binding ability of A20 ZF7, as compared with the E781D mutation.
The N772K mutation also exerted a more serious impact on NF-kB suppression, as compared with the E781D mutation ( Figure 4A and B). These observations support the notion that the binding of A20 ZF7 to linear ubiquitin chains is important for the suppression of LUBAC-mediated NF-kB activation.
To explore the physiological significance of A20 ZF7, we expressed A20 WT, A20 DZF7 and A20 N772K/E781D in A20 À / À MEFs, and then examined the TNF-a-induced phosphorylation and degradation of IkBa. Western blotting confirmed that A20 WT, A20 DZF7 and A20 N772K/E781D were expressed in A20 À / À MEFs at levels similar to that of endogenous A20 in A20 þ / þ MEFs ( Figure 4E ). In A20
MEFs, IkBa degradation was observed 30 min after TNF-a stimulation, followed by IkBa re-accumulation ( Figure 4F ). In contrast, re-accumulation of IkBa was not observed in A20 À / À MEFs, due to the enhanced phosphorylation and degradation of IkBa upon TNF-a-stimulation ( Figure 4F ), as previously described (Lee et al, 2000) . The restoration of A20 WT resulted in the regulated degradation and re-accumulation of IkBa in A20 À / À MEFs ( Figure 4F ). In contrast, the restoration of A20 DZF7 and A20 N772K/E781D failed to rescue the defects in degradation and re-accumulation of IkBa in A20 À / À MEFs ( Figure 4F ). These results indicated that the ability of A20 ZF7 to bind linear ubiquitin chains is crucial for the regulation of TNF-a-induced NF-kB activation.
The ability of A20 ZF7 to bind linear ubiquitin chains is sufficient for the suppression of LUBAC-mediated NF-jB activation A20 forms a multi-molecular complex with ubiquitin-binding adaptor proteins, such as ABIN-1 and TAX1BP1 . We thus examined the effects of ABIN-1 and TAX1BP1 on LUBAC-induced NF-kB activation in HEK293T cells. The expression of ABIN-1 and TAX1BP1 did not exert any remarkable inhibitory effects on LUBAC-induced NF-kB activation ( Figure 5A ). In addition, the co-expression of A20 WT or A20 N772K/E781D, together with ABIN-1 or TAX1BP1, showed similar effects on LUBAC-induced NF-kB activation, as compared with the expression of A20 WT and A20 N772K/E781D alone. In contrast, ABIN-1 showed higher inhibitory effects on TRAF6-induced NF-kB activation, as compared with those on LUBAC-induced NF-kB activation (
Figure 5B), consistent with previous reports (Iha et al, 2008; Verstrepen et al, 2009 ). These results indicated that A20 ZF7, but not ABIN-1 and TAX1BP1, plays a primary regulatory role in the suppression of LUBAC-mediated NF-kB activation.
To address the mechanism of A20 ZF7-mediated NF-kB suppression, we examined the inhibitory effects of A20 ZF7 on LUBAC-induced NF-kB activation in HEK293T cells. A20 ZF7 exhibited a minimal inhibitory effect, probably due to its poor expression in HEK293T cells ( Figure 5C ). A tandemly repeated ubiquitin-binding domain (UBD) recognizes ubiquitin with higher affinity, as compared with the single domain (Hjerpe et al, 2009 ). We examined the inhibitory effects of tandem conjugates of two and three ZF7s (ZF7 Â 2 and ZF7 Â 3) on LUBAC-induced NF-kB activation. Unlike A20 ZF7 alone, ZF7 Â 2 and ZF7 Â 3 strongly suppressed LUBACinduced NF-kB activation ( Figure 5C ). Pulldown assays revealed that A20 ZF7 Â 3 binds larger amounts of linear diubiquitin, as compared with A20 ZF7 alone ( Figure 5D ).
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To determine whether A20 ZF7 specifically suppresses LUBAC-induced NF-kB activation, we examined the phosphorylation and degradation of IkBa and JNK upon TNF-a stimulation in HEK293 Tet-On cells expressing FLAG-ZF7 Â 3 in the presence of doxycycline (Dox). Upon TNF-a stimulation, the phosphorylation and degradation of IkBa, but not those of JNK, were inhibited in the presence of Dox ( Figure 5E ), indicating that A20 ZF7 Â 3 specifically attenuates the NF-kB pathway. These results revealed that the binding of A20 ZF7 to linear ubiquitin chains is sufficient for the suppression of LUBAC-mediated NF-kB activation.
The UBAN domains in NEMO and ABINs preferentially bind linear ubiquitin chains (Rahighi et al, 2009; Kensche et al, 2012) . To determine whether the binding of UBDs to linear ubiquitin chains is sufficient for the suppression of LUBAC-mediated NF-kB activation, we examined the inhibitory effects of the UBAN domains of NEMO and ABIN-1 on LUBAC-induced NF-kB activation. NEMO UBAN suppressed LUBAC-induced NF-kB activation, and tandemly repeated NEMO UBANs (NEMO UBAN Â 2 and NEMO UBAN Â 3) suppressed it more effectively ( Figure 5F ). ABIN-1 UBAN also showed an inhibitory effect on LUBACinduced NF-kB activation ( Figure 5F ). These results indicated that the binding of UBDs to linear ubiquitin chains is sufficient for the suppression of LUBAC-mediated NF-kB activation. The present crystal structure suggested that full-length A20 can bind linear polyubiquitin in a manner similar to that of A20 ZF7 alone (Supplementary Figure S4A) . Unlike A20, full-length ABIN-1 showed a lower inhibitory effect on LUBAC-induced NF-kB activation than ABIN-1 UBAN alone ( Figure 5A ), suggesting that full-length ABIN-1 binds linear polyubiquitin less effectively than ABIN-1 UBAN alone, due to steric hindrances. A20 recruitment to the TNFR signalling complex via the interaction between A20 ZF7 and linear polyubiquitin is critical for NF-jB suppression Upon TNF-a stimulation, specific proteins, such as RIP1, TRADD, TRAF2/TRAF5, c-IAP-1/2 and LUBAC, are transiently recruited to TNFR to form signalling complex I, which plays a crucial role in canonical IKK activation (Micheau and Tschopp, 2003; Walczak et al, 2012) . To explore the À / À MEFs. (F) A20 DZF7 and N772K/E781D failed to rescue the defects in TNF-a-induced NF-kB activation in A20 À / À MEFs. IkBa phosphorylation and degradation were analysed after TNF-a stimulation (10 ng/ml) in A20 þ / þ MEFs and A20 À / À MEFs infected with retroviruses expressing A20 WT, DZF7 or N772K/E781D. *, Non-specific signal (E, F).
A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al mechanism of NF-kB suppression by A20 ZF7, we stimulated A20 þ / þ and A20 À / À MEFs with FLAG-TNF-a, and then examined the TNFR signalling complex formation. The phosphorylation and degradation of IkBa were enhanced in A20 À / À MEFs, as compared with those in A20 þ / þ MEFs ( Figure 6A ). Together with RIP1, NEMO, HOIP and SHARPIN, A20 co-immunoprecipitated with FLAG-TNF-a in TNF-astimulated A20 þ / þ MEFs ( Figure 6A ). As compared with the levels in A20 þ / þ MEFs, larger amounts of RIP1, NEMO, HOIP and SHARPIN co-immunoprecipitated with FLAG-TNFa in TNF-a-stimulated A20 À / À MEFs ( Figure 6A ), indicating that A20 recruitment to TNFR facilitates the dissociation of the TNFR signalling complex, which results in NF-kB suppression. In addition, the polyubiquitination of RIP1 was enhanced in A20 À / À MEFs, as compared with that in Figure 6A ). To clarify the role of A20 ZF7
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Discussion
A20 is a pleiotropic regulatory protein. In addition to the OTU DUB domain, A20 contains seven ZFs, which are involved in E3 activity (ZF4) (Wertz et al, 2004) , RIP1 binding (ZF1) (Bosanac et al, 2010) , ubiquitin binding (ZF4) (Bosanac et al, 2010) , E2 binding (ZF5-7) (Bosanac et al, 2010) , E2 degradation (ZF4) (Shembade et al, 2010) , and complex formation with ABINs, TAX1BP1 (Klinkenberg et al, 2001; Verstrepen et al, 2011) , and the E3 ubiquitin ligases RNF11 and Itch (Shembade et al, 2009; Verstrepen et al, 2010) . A20 ZF7 also regulates IRF3 activation (Lin et al, 2006) and TNF-a-induced NF-kB activation (Natoli et al, 1998) . In this study, we showed that A20 and CYLD downregulate LUBACmediated NF-kB activation through distinct molecular mechanisms. A20 suppressed NF-kB activation by binding linear ubiquitin chains through ZF7. In contrast, CYLD suppressed NF-kB activation by degrading linear ubiquitin chains, consistent with previous studies showing that CYLD degrades linear ubiquitin chains and inhibits the linear ubiquitination of NEMO (Niu et al, 2011) .
Both the linear polyubiquitination of NEMO by LUBAC and the specific recognition of linear polyubiquitin by the NEMO UBAN domain are critical for NF-kB activation (Lo et al, 2009; Rahighi et al, 2009) . In addition, the specific recognition of linear polyubiquitin by the HOIL-1L NZF domain is also important for NF-kB activation (Sato et al, 2011) . These observations suggested a model for LUBACmediated NF-kB activation, in which the trans-phosphorylation of IKKb is facilitated by the recruitment of the IKK complexes via the interaction between the NEMO UBAN domain and linear polyubiquitin conjugated to NEMO, although the precise mechanism remains elusive Kensche et al, 2012) . Our functional analysis indicated that (1) the binding of A20 ZF7 to linear polyubiquitin is necessary and sufficient for the suppression of LUBAC-mediated NF-kB activation, (2) the recruitment of A20 to the TNFR signalling complex upon TNF-a stimulation is important for NF-kB suppression, (3) the binding of A20 ZF7 to linear polyubiquitin is essential for the recruitment of A20 to the TNFR signalling complex, and (4) A20 ZF7 participates in the complex formation of A20 with LUBAC and NEMO. Based on these observations, we propose a model for the suppression of LUBAC-mediated NF-kB activation, in which A20 is recruited to the TNFR signalling complex upon TNF-a stimulation via the interaction between A20 ZF7 and linear polyubiquitin on NEMO and RIP1, facilitating the dissociation of LUBAC and NEMO from TNFR. Moreover, our structural and functional analyses revealed that Asn772 and Glu781 of A20 ZF7, with mutations associated with B cell lymphomas (Schmitz et al, 2009) , participate in linear diubiquitin recognition ( Figure 3C ), and the N772K and E781D mutations abolished the abilities of A20 ZF7 to bind linear ubiquitin chains ( Figure 4C and D) and to suppress LUBAC-induced NF-kB activation ( Figure 4A and B). These observations highlight the physiological significance of A20 ZF7 binding to linear polyubiquitin in NF-kB regulation. The conjugate of multiple A20 ZF7s potently suppressed NF-kB activation ( Figure 5C ), suggesting that it could be a therapeutic agent for B cell lymphomas.
A structural comparison of the A20 ZF7-diubiquitin complex with the A20 ZF4-ubiquitin complex (Bosanac et al, 2010 ) revealed a distinct ubiquitin-binding mode (Figure 7) , consistent with their functional differences. Moreover, the crystal structures of the NEMO UBAN-linear diubiquitin (Lo et al, 2009; Rahighi et al, 2009) , HOIL-1L NZF-linear diubiquitin (Sato et al, 2011) , TAB2/3 NZF-K63-linked diubiquitin (Kulathu et al, 2009; Sato et al, 2009b) and RAP80 UIMs-K63-linked diubiquitin (Sims and Cohen, 2009; Sato et al, 2009a) complexes showed that, despite their distinct ubiquitinbinding modes, these UBDs selectively recognize diubiquitin with a specific linkage, through simultaneous interactions with the proximal and distal ubiquitin moieties (Figure 7) . A structural comparison of the present A20 ZF7-linear diubiquitin complex with the NEMO UBAN-linear diubiquitin (Rahighi et al, 2009 ) and HOIL-1L NZF-linear diubiquitin (Sato et al, 2011) complexes revealed that A20 ZF7 recognizes linear diubiquitin in a novel manner (Figure 7) , thus providing new insight into the linkagespecific recognition mechanism by UBDs. In addition, this structural comparison uncovered notable differences in the overall conformations of the polyubiquitin chains, highlighting the flexible nature of the linear and K63-linked chains. The present structure revealed that A20 ZF7 does not directly contact the linkage between the proximal and distal ubiquitin moieties, but recognizes the specific configuration of linear diubiquitin through simultaneous interactions with the proximal and distal ubiquitin moieties. Thus, the present structure reinforces the notion that UBDs recognize a specific configuration of diubiquitin that is unique to the particular linkage, thereby achieving linkage-specific binding to polyubiquitin. A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al K63-linked ubiquitination is required for IL-1b-induced NFkB activation, whereas it is dispensable for TNF-a-induced NF-kB activation (Xu et al, 2009 ). In the IL-1b-induced NF-kB pathway, the TAK1-TAB1-TAB2/3 complex and the IKK complex bind K63-linked polyubiquitin through the TAB2/3 NZF domain and the NEMO UBAN domain, respectively, resulting in IKK activation by TAK1-mediated phosphorylation of IKKb (Chen, 2012) . A recent study proposed a model, in which A20 is recruited to the IKK complex through bipartite binding to the N-terminal region of NEMO and unanchored K63-linked polyubiquitin chains, thus inhibiting IKK activation by TAK1 (Skaug et al, 2011) . In this model, multiple A20 ZFs, especially A20 ZF7, participate in K63-linked polyubiquitin binding, whereas A20 ZF7 alone is not sufficient for K63-linked polyubiquitin binding. It seems likely that, although A20 ZF7 specifically binds linear ubiquitin chains (Figure 2) , it can also weakly interact with K63-linked long polyubiquitin chains, due to the avidity provided by the multiple ubiquitin moieties present in polyubiquitin. NEMO UBAN shows about 100-fold higher affinity to linear diubiquitin than K63-linked diubiquitin (Lo et al, 2009; Rahighi et al, 2009 ). These differences were explained by the crystal structures of NEMO UBAN in complex with linear diubiquitin (Lo et al, 2009; Rahighi et al, 2009 ) and K63-linked diubiquitin (Yoshikawa et al, 2009) , which revealed that NEMO UBAN simultaneously binds the proximal and distal ubiquitin moieties of linear diubiquitin, but not K63-linked diubiquitin. In addition, our recent study showed that NEMO functions as a high affinity receptor for linear ubiquitin chains and a low affinity receptor for long Lys-linked ubiquitin chains (Kensche et al, 2012) . Taken together, these observations indicated that A20 ZF7 (Kulathu et al, 2009; Sato et al, 2009b ) (PDB code 3A9J). (F) The RAP80 UIMs-K63-linked diubiquitin complex (Sims and Cohen, 2009; Sato et al, 2009a ) (PDB code 3A1Q). These structures were aligned based on the distal ubiquitin moieties, except for the A20 ZF4-monoubiquitin complex, which was aligned with the A20 ZF7-linear diubiquitin complex based on the ZFs.
A20 ZF7 binds linear di-Ub and regulates NF-jB F Tokunaga et al specifically binds linear polyubiquitin and plays a crucial role in the linear polyubiquitin-mediated pathways, whereas it also plays an auxiliary role in the K63-linked polyubiquitinmediated pathways. Further studies will be needed to understand the mechanisms underlying the activation and inhibition of LUBAC-mediated NF-kB activation.
complex (Form II) were obtained using the hanging drop vapour diffusion method, by mixing 2 ml of protein solution (1 mg/ml A20 ZF7, 2 mg/ml tetraubiquitin, 10 mM Tris-HCl, pH 8.0, 150 mM NaCl and 1 mM DTT) and 2 ml of reservoir solution (0.2 M Na/K tartrate and 8% PEG 3350). X-ray diffraction data were collected at 100 K on beamlines BL41XU at SPring-8 (Hyogo, Japan) and BL1 at PF-AR (Tsukuba, Japan). Crystals were cryoprotected in the reservoir solution supplemented with 20% ethylene glycol. Diffraction data were processed using HKL2000 (HKL Research Inc.). The structure of the A20 ZF7-diubiquitin complex (Form I) was determined by molecular replacement with MOLREP (Vagin and Teplyakov, 2010) , using the monoubiquitin molecule in the TAB2 NZF-K63-linked diubiquitin complex (PDB code 3A9J) as a search model. The structures of A20 ZF7 in complex with diubiquitin and tetraubiquitin (Form II) were determined by molecular replacement. Manual model rebuilding and refinement were performed using Coot (Emsley and Cowtan, 2004) and PHENIX (Adams et al, 2002) . As the crystals of the A20 ZF7-diubiquitin complex (Form II) were merohedrally twinned, the structure was refined using the twin target function implemented in the program PHENIX (Adams et al, 2002) . The resulting twinning fraction was 0.28 for the twinning operator (h, À h À k, À l). Data collection and refinement statistics are provided in Table I . Molecular graphics were prepared using CueMol (http://www.cuemol.org).
Isothermal titration calorimetry
ITC measurements were performed using a VP-ITC (GE Healthcare). Monoubiquitin, linear diubiquitin, and K48-and K63-linked diubiquitin (50-58 mM) were each loaded into the cell (1.4 ml), and A20 ZF7 (0.37 mM) was loaded into a syringe (0.3 ml). The samples were dialysed against PBS buffer supplemented with 1 mM TCEP. Titrations were performed at 251C, using 29 injections (2 ml for injections 1-2 and 10 ml for injections 3-29), with 4-min intervals between injections. The stirring rate was 307 r.p.m. Data from injections into the buffer were subtracted from the sample data before data analysis, using the Origin7 software (MicroCal).
Accession codes
The atomic coordinates have been deposited in the Protein Data Bank with accession codes 3VUW (A20 ZF7-linear diubiquitin, Form I), 3VUX (A20 ZF7-linear diubiquitin, Form II) and 3VUY (A20 ZF7-linear tetraubiquitin).
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Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
